p o l a r i z a t i o n r a t e , e r r o r c o r r e c t i o n methods and s p i n r o t a t o r s f o r l o n g i t u d in a l p o l a r i z a t i o n .
INTRODUCTION
The f e a s i b i l i t y o f o b t a i n i n g p o l a r i z e d beams i n t h e Large E l e c t r o n P o s i t r o n (LEP) storage r i n g 111 has been under r e g u l a r review since t h e e a r l y days o f t h e design studies. Although t h e i n i t i a l estimates o f d e p o l a r i z i n g e f f e c t s were r a t h e r discour a g i n g /2/, i t l a t e r became evident t h a t t h e model used f o r t h i s c a l c u l a t i o n was unduly p e s s i m i s t i c .
I n recent years t h e g r e a t l y improved understanding o f s p i n motion i n storage r i n g s has given us confidence t h a t h i g h l y p o l a r i z e d e+-e-beams can be obtained i n LEP up t o energies i n t h e 50 GeV range and perhaps even higher.
The measures t h a t have t o be taken t o achieve t h i s are s i m i l a r t o those t h a t have been s u c c e s s f u l l y used i n PETRA and i n o t h e r storage r i n g s . However, i n t h i s highenergy r e g i o n t h e s t r e n g t h s o f d e p o l a r i z i n g resonances are p a r t i c u l a r l y s e n s i t i v e t o machine imperfections, and t h e e r r o r c o r r e c t i o n procedures, w h i l s t m a i n l y convent i o n a l i n p r i n c i p l e , r e q u i r e f u r t h e r refinement i n t h e i r p r a c t i c a l a p p l i c a t i o n . An important requirement w i l l be f a s t , h i g h -r e s o l u t i o n polarimeters, i n order t o m i n imize t h e t i m e r e q u i r e d f o r t h e c o r r e c t i o n process.
Although t h e s i z e o f LEP corresponds t o a maximum energy o f about 100 GeV, t h e e a r l i e r operation i n Phase 1 i s l i k e l y t o be ldominated b y t h e physics around t h e Z ' .
Here, p o l a r i z e d beams could be valuable i n t e s t i n g f o r d e v i a t i o n s from t h e standard model o r t h e existence o f right-handed n e u t r a l currents, as w e l l as enhanci n g a number o f o t h e r measurements 131. Our plans have t h e r e f o r e concentrated on t h e energy range up t o about 50 GeV.
T h i s b r i n g s t h e advantage t h a t d e p o l a r i z i n g e f f e c t s should be somewhat easier t o c o n t r o l than a t h i g h e r energies b u t the disadvantage t h a t t h e n a t u r a l p o l a r i z a t i o n r a t e from t h e Sokolov-Ternov e f f e c t i s r a t h e r low. Means must t h e r e f o r e be provided t o enhance t h i s r a t e .
To e x p l o i t t h e f u l l physics p o t e n t i a l o f p o l a r i z e d beams i n e+-e-c o l l i s i o n s one r e q u i r e s l o n g i t u d i n a l p o l a r i z a t i o n a t t h e i n t e r a c t i o n region.
Although t h e s p i n r o t a t o r s needed f o r t h i s purpose w i l l n o t be introduced u n t i l t r a n s v e r s e l y -p o l a r i z e d beams have been demonstrated, a conceptual design i s r e q u i r e d a t an e a r l y stage t o ensure t h a t s u f f i c i e n t space i s a v a i l a b l e f o r t h e i r subsequent i n s t a l l a t i o n .
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JOURNAL DE PHYSIQUE I n t h i s paper we o u t l i n e t h e plans f o r implementation o f p o l a r i z e d beams i n LEP and t h e means foreseen t o avoid depolarizaton.
For a d e t a i l e d discussion o f these t o p i c s t h e reader i s r e f e r r e d t o t h e general review paper b y one o f t h e present authors /4/.
DEPOLARIZING RESONANCES
The n a t u r a l p o l a r i z a t i o n i n an e l e c t r o n storage r i n g r e s u l t i n g from t h e SokolovTernov e f f e c t i s i n competition w i t h the d e p o l a r i z i n g a c t i o n o f t h e s p i n resonances, which have t h e general form Here a = (g-2)/2 i s t h e anomalous p a r t o f t h e gyromagnetic r a t i o , Qx, Qz are t h e b e t a t r o n -o s c i l l a t i o n tunes, Qs i s t h e s y n c h r o t r o n -o s c i l l a t i o n tune and y t h e Lorentz energy f a c t o r .
For kx = ky = k s = O t h e i n t e g e r ko i s associated w i t h s p i n p e r t u r b a t i o n s from F o u r i e r harmonics o f c l o s e d -o r b i t deviations, which a r i s e from e r r o r s i n alignment and f i e l d ef t h e magnetic elements. Integers kx, k Z and ks, as w e l l as k, , are associated w i t h t h e corresponding amplitudes o f f r e e p a r t ic l e o s c i l l a t i o n around t h e closed o r b i t , and resonant d r i v i n g terms can occur i n combination w i t h o r b i t -e r r o r harmonics.
I n t h e energy range o f LEP t h e s t r o n g l y quantized nature o f t h e synchrotron r a d i at i o n enhances t h e d e p o l a r i z i n g i n f l u e n c e o f t h e s p i n resonances and imposes t i g h t e r c o n d i t i o n s on o r b i t c o r r e c t i o n than a t lower energies.
I n order t o reduce these e f f e c t s i t i s o b v i o u s l y d e s i r a b l e t o s t a r t w i t h a c a r e f u l l y a l i g n e d machine and t o choose operating c o n d i t i o n s such t h a t t h e spin motion i s as i n s e n s i t i v e as p o s s i b l e t o t h e e r r o r s . This can be helped b y an appropriate choice o f energy, reduced e x c it a t i o n o f t h e s t r o n g quadrupoles near t h e i n t e r a c t i o n r e g i o n ("detuned low-pN) and a s u i t a b l e value o f Qs. Such c o n d i t i o n s favour t h e appearance o f a measurable l e v e l o f i n i t i a l p o l a r i z a t i o n and f a c i l i t a t e t h e c o r r e c t i o n procedures.
Correction o f Closed-Orbit E r r o r s Deviations from t h e i d e a l closed o r b i t a r i s e from misalignment o f quadrupoles, t i l t s o f bending magnets and o t h e r disturbances o f t h e magnetic f i e l d .
These f i e l d pert u r b a t i o~s can be represented b y t h e spectrum o f t h e i r F o u r i e r space harmonics which, f o r a machine w i t h many elements, extends up t o h i g h harmonic numbers.
The response o f t h e o r b i t t o these p e r t u r b a t i o n s i s g r e a t e s t i n t h e v i c i n i t y o f t h e b e t a t r o n tune Q, and t h e measurable o r b i t d e v i a t i o n s are t h e r e f o r e mainly associated w i t h harmonic numbers ko -Q. The normal o r b i t -c o r r e c t i o n procedures aim a t m i n imizing t h e peak and r.m.s. o r b i t e r r o r s measured a t a l i m i t e d number o f pick-up electrodes, b y applying c o r r e c t i n g d i p o l e f i e l d s . The e f f e c t o f t h i s i s t o reduce those o r b i t harmonics near t o Q but, unless e x t r a c o n d i t i o n s a r e imposed, higher harmonics may be enhanced i n an u n c o n t r o l l e d fashion. This i s a d i s t i n c t possib i l i t y i n LEP w i t h Q, = 78.2 and v -114 a t 50 GeV, and i t i s t h e r e f o r e d e s i r a b l e t o c o n s t r a i n t h e normal o r b i t -c o r r e c t i o n a l g o r i t h m so as n o t t o produce harmonics near t h e s p i n tune.
There remain t h e h i g h e r harmonics which were already t h e r e b e f o r e c o r r e c t i o n . These are l i k e l y t o be o f r a t h e r small amplitude, and t h e i r compensation b y a special a l g o r i t h m should n o t g i v e r i s e t o appreciable changes i n t h e o r b i t . By t h e same token however, t h e i n f o r m a t i o n necessary t o c o r r e c t these harmonics cannot be e x t r a c t e d from t h e pick-up signals, and an i n i t i a l l y measurable degree o f p o l a r i z at i o n i s r e q u i r e d i n order t o avoid time-consuming scans o f parameters.
For a machine such as LEP, i n which an appreciable f r a c i o n o f t h e circumference i s composed o f long s t r a i g h t sections, t h e r e i s a s u b t l e t y i n t h e evaluation of harmonics which we have ignored i n t h e above discussion. A n a t u r a l reference frame t o choose for d e s c r i b i n g the spin motion i s t h e so-called o r b i t frame, .which has one component y everywhere tangent
t o t h e i d e a l closed o r b i t w i t h orthogonal components i and 5 i n t h e r a d i a l and v e r t i c a l d i r e c t i o n s r e s p e c t i v e l y . I n t h i s frame t h e unperturbed spin i s s t a t i o n a r y i n t h e s t r a i g h t sections, b u t i n the bending arcs precesses a t a higher r a t e than t h e average b y a f a c t o r R/p, where R i s t h e average r a d i u s and p t h e bending r a d i u s o f t h e machine.
This modulation gives r i s e t o a spectrum o f precession frequencies r a t h e r than a s i q l e l i n e , and complicates t h e r e l a t i o n between p e r t u r b a t i o n harmonics and s p i n precession.
To avoid t h i s we can evaluate t h e spin p e r t u r b a t i o n s i n t h e "constant-precession" frame, i n which t h e s p i n phase advances a t a constant r a t e such t h a t t h e s p i n tune spectrum c o n s i s t s o f a s i n g l e l i n e a t V . This reference frame r o t a t e s forwards w i t h
One should note t h a t t h e spin-matchjng conditions are energy dependent, since t h e i n t e g r a l s contain t h e u n i t vectors x and z o f t h e s p i n reference frame.
Since quantum emission can occur anywhere around t h e machine i t might seem necessary t o s a t i s f y t h e t e n c o n d i t i o n s a t every element, which would impose a very l a r g e number o f c o n s t r a i n t s .
However t h e "harmonic s p i n matching" proposed b y S t e f f e n /6/ avoids t h i s by applying s i m i l a r c o n d i t i o n s which suppress o n l y t h e nearest s p i n resonances. This r e s u l t s i n degeneracy o f t h e matching i n t e g r a l s , whichcan then be s a t i s f i e d a t any p o i n t around t h e r i n g b y r e l a t i v e l y few c o n s t r a i n t s t o make these resonances vanish.
LEP should have enough f l e x i b i l i t y i n t h e adjustment o f i t s beam-optics parameters t o enable spin matching t o be applied over a t l e a s t some energy ranges. This w i l l be a useful measure f o r d e -s e n s i t i z i n g t h e s p i n motion t o e r r o r s i n t h e i n i t i a l p o l a r i z a t i o n t e s t s .

Spin S a t e l l i t e s from Synchrotron O s c i l l a t i o n s It i s c h a r a c t e r i s t i c o f high-energy e l e c t r o n storage r i n g s t h a t t h e energy spread i n t h e beam tends t o be r a t h e r large, because o f t h e hard synchrotron-radiation quanta.
This gives r i s e t o a l a r g e spread i n spin tune, which can occupy a subs t a
n t i a l f r a c t i o n o f t h e a v a i l a b l e space between s p i n resonances. The s i t u a t i o n i s aggravated b y t h e presence o f synchrotron o s c i l l a t i o n s , which cause s i n g l e s p i n resonances t o s p l i t up i n t o f a m i l i e s o f s a t e l l i t e s , f u r t h e r reducing t h e space avail a b l e t o accommodate t h e spread i n spin tune. This problem has been i n v e s t i g a t e d b y B i s c a r i , Buon and Montague /8/,
and t h e r e s u l t s expressed i n a "depolarization enhancement f a c t o r " due t o t h e presence o f s a t e l l i t e s . A f u r t h e r paper b y B i s c a r i /9/ i n d i c a t e s somewhat more favourable r e s u l t s from a higher-order c a l c u l a t i o n , b u t t h e e f f e c t remains q u i t e important f o r LEP.
The basic cure f o r s p i n s a t e l l i t e s i s t o reduce t h e s t r e n g t h o f t h e parent resonance b y t h e methods described above. However another p o s s i b i l i t y i s t o modify t h e form o f t h e energy d i s t r i b u t i o n and hence t h e d i s t r i b u t i o n i n s p i n tune so t h a t t h e overl a p i n t e g r a l w i t h t h e s p i n s a t e l l i t e s i s reduced.
This can be done b y non-linear wigglers, which increase t h e r a d i a t i o n damping f o r p a r t i c l e s w i t h l a r g e o s c i l l a t i o n amplitudes. O r i g i n a l l y discussed i n Ref. /8/ using dipole-octupole wigglers, i t now appears t h a t quadrupole-sextupole wigglers are more favourable / I O / .
Since these could also be u s e f u l against some beam i n s t a b i l i t i e s i t i s planned t o pursue t h i s work f u r t h e r .
LASER POLARIMETER
The most p r a c t i c a l means a v a i l a b l e f o r measuring t h e p o l a c i z a t i o n s t a t e o f e+-ebeams i n storage r i n g s makes use o f t h e s p i n dependence i n Compton s c a t t e r i n g o f l a s e r photons. A c i r c u l a r l y -p o l a r i z e d l a s e r beam i n c i d e n t on a v e r t i c a l l y -p o l a r i z e d e l e c t r o n beam i s back-scattered w i t h an up/down asymmetry i n t h e cross-section, which i s greatest f o r photons scattered a t around 9tP i n t h e e l e c t r o n r e s t frame, corresponding t o an angle o f about l / y t o t h e e l e c t r o n beam i n t h e laboratory. The method has been described i n d e t a i l b y Gustavson e t a l . /Il/, together w i t h i t s embodiment i n SPEAR.
It has a l s o been used s u c c e s s f u l l y i n t h e PETRA and DORIS storage r i n g s .
I n LEP t h e asymmetry i s q u i t e large, over 30%, corresponding t o a back-scattered photon energy o f around 25 GeV f o r 50 GeV electrons.
The design o f a l a s e r polarimeter f o r LEP i s under way, t h e f i r s t step being t o determine t h e o v e r a l l layout i n view o
I n order t o minimize background due t o beam-gas and beam-beam bremsstrahlung t h e i n t e r a c t i o n p o i n t between the l a s e r and e l e c t r o n beams should be located upstream o f a bending magnet, so t h a t t h e back-scattered photons emerge from t h e machine i n a short distance. Good r e s o l u t i o n o f t h e l / y (-10 prad) up/down separation r e q u i r e s t h a t t h e s c a t t e r i n g t a k e place i n a r e g i o n where t h e e l e c t r o n beam has minimum divergence i n t h e v e r t i c a l plane, i.e. i n a v e r t i c a l l y -f o c u s i n g quadrupole.
The. schematic l a y o u t i s shown i n Fig. 1 
. The l a s e r beam from t h e o p t i c a l l a b o r a t o r y i s d i r e c t e d towards a beam s p l i t t e r located i n t h e middle o f t h e s t r a i g h t section
, h a l f t h e l a s e r power being r e f l e c t e d i n each d i r e c t i o n . This enables a s i n g l e l a s e r t o serve f o r both e+ and e' polarimeters. The l a r g e energy l o s s per t u r n i n LEP r e s u l t s i n t h e e l e c t r o n s and p o s i t r o n s f o l l o w i n g s l i g h t l y d i f f e r e n t t r a j e c t o r i e s around t h e machine, and t h e d e p o l a r i z i n g effects are therefore n o t n e c e s s a r i l y ident i c a l f o r t h e two beams.
Furthermore, t h e use o f a d i a b a t i c s p i n reversa1 o f one species w i l l make separate e+ and e-polarimeters e s s e n t i a l . I n order t o introduce t h e l a s e r beam i n t o t h e c o l l i s i o n region and t o provide a f r e e path f o r t h e back-scattered photons, some m o d i f i c a t i o n s are r e q u i r e d t o t h e standard design o f vacuum chamber i n t h i s region. I n addition, t h e l a s t 84 bending magnet must be i n s t a l l e d w i t h t h e yoke reversed.
From t h e s p l i t t e r , t h e l a s e r beams are d i r e c t e d along t h e s t r a i g h t section f o r over 300 m and brought i n t o c o l l i s i o n w i t h t h e e l e c t r o n ( p o s i t r o n ) beams i n s i d e t h e quadrupole QL14. The back-scattered 25 GeV photon beam leaves t h e machine a t an angle o f about 15 mrad t o t h e s t r a i g h t s e c t i o n and reaches t h e detector, located a t t h e w a l l o f t h e tunnel
These d e t a i l s are c u r r e n t l y being studied.
Two types o f l a s e r a r e under consideration, an argon-ion l a s e r o f around 100 W peak and a Nd-YAG l a s e r o f 80 M W peak.
The argon l a s e r i s capable o f operating a t t h e h i g h r e p e t i t i o n r a t e o f i n d i v i d u a l bunch passages, 40 kHz, p e r m i t t i n g t h e detector t o measure both p o s i t i o n and energy o f i n d i v i d u a l photons and make use o f t h e corre-1 a t i o n between these q u a n t i t i e s t o reduce background influence.
The Nd-YAG l a s e r can o n l y be pulsed a t a r e l a t i v e l y slow r a t e and t h e detector must t h e r e f o r e r e l y on a calorimeter w i t h o n l y s p a t i a l r e s o l u t i o n because o f t h e h i g h instantaneous photon r a t e . The choice between t h e two types o f l a s e r and t h e design o f t h e corresponding detector w i l l depend on t h e r e s u l t s of computer simulations which are planned f o r t h e near f u t u r e .
ENHANCEMENT OF POLARIZATION RATE
The r a t e o f r a d i a t i v e p o l a r i z a t i o n from t h e Sokolov-Ternov e f f e c t i s a very steep f u n c t i o n o f t h e energy, varying as y 5 . W h i l s t i n LEP a t 100 GeV the p o l a r i z a t i o n time-constant i s o n l y seven minutes, a t 50 GeV i t i s about 3 112 hours. This t i m e can be reduced b y i n c r e a s i n g t h e quantum e x c i t a t i o n r a t e w i t h t h e a i d o f h i g h -f i e l d wigglers, i.e. d i p o l e magnets o f a l t e r n a t i n g p o l a r i t y arranged such t h a t t h e closed o r b i t o u t s i d e t h e r e g i o n i s unchanged.
Such wigglers w i l l be r e q u i r e d i n LEP f o r reducing t h e damping t i m e a t i n j e c t i o n energy, and a l s o p o s s i b l y f o r a d j u s t i n g t h e beam dimensions i n l u m i n o s i t y optimization.
However, i f i n t h e wiggler magnets t h e a l t e r n a t i n g sections were o f equal magnetic f i e l d strength, t h e asymptotic p o l a r iz a t i o n l e v e l would be s u b s t a n t i a l l y reduced below t h e t h e o r e t i c a l 92.4%.
What i s r e q u i r e d i s an Iiasymmetric wiggler", i n which s h o r t strong magnets a l t e r n a t e w i t h long weak magnets, t h e strong magnets having t h e same p o l a r i t y as t h e normal bending magnets o f t h e machine.
I n t h i s way t h e p o l a r i z a t i o n i s s t r o n g l y enhanced i n t h e r i g h t d i r e c t i o n and o n l y weakly diminished b y t h e magnets o f opposite sign.
As a f i r s t step i n p o l a r i z a t i o n enhancement the LEP damping wigglers have been designed t o have a u s e f u l degree o f asymmetry /12,13/.
Each u n i t c o n s i s t s o f a strong c e n t r e p o l e f l a n k e d b y two end poles w i t h 40% o f t h e c e n t r a l f i e l d , these ends p r o v i d i n g t h e r e t u r n f l u x path f o r t h e centre. With t h i s f i e l d r a t i o o f 2.5 and t h e e i g h t wiggler u n i t s foreseen, the p o l a r i z a t i o n time a t 50 GeV can be reduced from 210 minutes t o 80 minutes o r less, w i t h an asymptotic p o l a r i z a t i o n l e v e l s t i l l as h i g h as 77%. The asymmetric design does n o t p r e j u d i c e t h e primary f u n c t i o n s of these wigglers b u t w i l l enable t h e e a r l y p o l a r i z a t i o n t e s t s t o be conducted more r a p i d l y w i t h o u t t h e a d d i t i o n a l cost o f manufacturing and i n s t a l l i n g dedicated polar i z a t i o n wigglers.
A f u l l scale mode1 o f t h i s wiggler, shown i n Fig. 2 , has now been constructed and successfull y tested.
I t s magnetic c h a r a c t e r i s t i c s are completely s a t i s f a c t o r y and i n agreement w i t h t h e 3-dimensional f i e l d computations used f o r t h e design ( p r i v a t e communication from T.M. Taylor).
